Background
Introduction
Neuro-muscular diseases, such as muscular dystrophies (MDs), are associated with muscle weakness, muscle atrophy and a progressive cardiac dysfunction over time. Any muscle can be affected by this condition, however it is most prominent in limb-girdle and proximal muscle groups with varied involvement of distal muscles [1] . Myopathies in effect for a long period may produce loss of absolute volume of muscle and these conditions are associated with muscle wasting [2] . Genetically heterogeneous MDs range from severe to benign forms such as Ducchene to Limb girdle muscular dystrophy (mild). Mitochondrial abnormalities are associated with ocular myopathies, whereas metabolic disorders are involved in the acquired chronic inflammatory myopathies dermatomyositis and polymyositis [1] .
Most diseases are caused by mutations in more than one gene which can either be dominant or recessive.
In MDs, Such dominant and recessive pathological defects are shared by a subset of genes involved in diverse mechanisms related to muscle degeneration and weakness. Such mechanisms orchestrate many intricate and common biological pathways [3] . Biological pathways consist of a set of dependent actions carrying out a specific function. They take place in cells among molecules such as proteins, metabolites and enzymes. A particular function can be hampered if one or more components of a biological pathway fail to perform.
Damaging mutations in proteins can be considered as one of such cases, aborting their functionality and related pathways. Missense mutations in muscular dystrophies are often associated with neuro-muscular abnormalities and cognitive impairment [4, 5] .
Biological networks
Multiple biological pathways lack boundaries, often are interconnected, and work together to accomplish tasks. The interconnected component of biological pathways is called a biological network. Networks are valuable prototypes for analyzing the complexity in cellular environments and the interactions, which influence the normal functionality of the cells.
Biological networks exhibit modular organization dependent on functions. Modules are sets of nodes that share many edges, and are loosely connected to the rest of the network, representing densely associated entities. Core nodes of a module have large number of edges to other proteins within modules and are essential to its functions. Modules exhibit fuzzy boundaries and are interconnected to perform wide variety of functions in cells. Perturbed components in a network, such as in the case of mutated proteins, can influence the coherent overlapping modules in human proteome [6] . Proteins linking different modules together are important for inter-modular communications and show high bridgeness values [7] . Modules in protein-protein interaction networks of yeast partially disintegrate upon stress, removing important inter modular edges, thus preventing flow of information [8] . Moreover, if a module contains proteins with unknown function, the functional characterization may help in determining functional prediction of those proteins. [9, 10] .
Better understanding of structural functional aspects can be studied taking dynamics of networks into account, along with network topology. The latter provides understanding of network architecture. Biological networks show non random degree distribution and small world property. Non random degree distribution also known as scale-free degree distribution, in which large number of nodes have fewer edges and few nodes having many edges are known as hub nodes. Their targeted deletion disrupts the network structure [11, 12] .
Hub proteins serve as common edges and mediate short path lengths between other edges. Shortest path length is a distance between two nodes and median of the means of the shortest path lengths connecting each nodes to all other vertices is known as characteristic path length. Small world networks, in which any two nodes in the networks can be connected with short paths, exhibit smaller diameter, small characteristic path length, and high clustering coefficient [13] . Clustering coefficient ranges from 0 to 1, and provides a measure of the degree to which nodes tend to cluster in network [7] . Betweenness centrality is the number of shortest paths from all vertices to all others that pass through that node. It measures traffic loads through one node as information flows over a network primarily following the shortest available paths. High betweenness centrality proteins behaves as a bottlenecks in protein-protein interaction networks. Bottleneck proteins regulate most of the informational flow, hence indicates the essentiality of proteins [14, 15] . Clique is a set of nodes which have all possible ties among themselves. A maximal clique is a clique that is not contained in any other clique.
Propagation, rigidity and flexibility in networks
The diseased state can be characterized as a malformed propagation state among constituting modules.
Dynamics of modules from rigid to flexible state depend upon the environmental cues and the internal structure of the networks. Removal of protein or protein complexes may significantly alter the network, affecting flow of information, efficiency and adaptability. Adaptability is associated with flexibility of the networks, whereas rigidity is associated with the memory [16] . Rigidity and flexibility can be assessed by combinatorial graph theory and it is described by degrees of freedom and number of over-constraints associated with the nodes in the network [17] .
Our approach
In this article, we focused on (i) assessing the snapshot of dynamics of network propagation and interference from pairs of hub and essential mutated proteins causative in different neuro-muscular disorders; (ii) evaluating rigidity and flexibility (tolerance level) in protein-protein interaction networks of the most interfered sub-networks in muscular dystrophies. (iii) determining the modular organization and, (iv) characterizing molecular function of modules.
A systematic characterization of MDs has to take into account the overlap of different traits and the heterogeneity of cellular processes for many of the genes involved. The analysis and classification of multiple genes and their mutations is still challenging in terms of cost and time, even with the advent of sequencing technologies [18] . The proposed strategies overcomes the limits of existing solutions which compare proteinprotein interaction networks of disease and control states, solely on topological characteristics. We are able to predict which sub-networks are more rigid in presence of such mutations. To best of our knowledge, we investigated for the first time, the rigidity and flexibility issues in sub-networks of human proteome.
Methods
The neuro-muscular diseases are broadly classified in 13 groups based on previous studies [19] . We construct the protein interaction map of causative genes involved in the disease using a dataset by Center for Biomedical
Computing at University of Verona [20] . The dataset is extracted from various databases storing high throughput methods and experimentally known interactions [21] [22] [23] [24] , and it is manually curated and updated.
Information on disease causing variants is downloaded from Leiden Open Variant Database [25] . Networks are visualized using Cytoscape and Gephi [26, 27] . Network layout is performed using force directed graph drawing [28] . Centrality measure of nodes, which gives relative importance of nodes within a network, are calculated using Netanalyzer [12, 29] and in-house R and python scripts. Hub and key proteins of the interconnected seed network are computed using degree distribution, betweenness centrality (BC), maximal clique centrality (MCC), and bottleneck nodes [30] .
Network propagation
The interference is the measure of overlapping flow among nodes [31] . It is obtained visiting each node by random walks initiating at different sources. Larger interference implies wider overlap between flows originating from different sources and small interference signifies little overlap. The emitting model is obtained using qmbpmn-tools [32], which is initiated with every possible pair of proteins in the first order network, to compute mean interference and maximum visits.
Module detection and functional characterization
ModuLand framework analyzes the overlapping modules in networks using bridgeness and overlapping values.
It uses Proportion Hill module membership assignment method and NodeLand influence function algorithm [33, 34] . In ModuLand framework, modularity of a network is computed by determining community centrality by summing up influence zones containing a given edge. Overlapping modules are identified on the basis of hills on community centrality landscape, and each node of the network is assigned to the module with different strength [33, 34] . Overlap values for nodes demonstrates the effective number of modules to which they are assigned, and bridgeness values are high, if nodes show larger overlap between many module pairs.
Modules are named after the core node of the module. BiNGO plug-in is used for functional characterization of the modules [35] . Molecular function is assigned on consensus basis to the modules based on p-values and involvement on core nodes from top ten core nodes in the molecular function.
Rigidity and flexibility
Rigidity and flexibility issues were previously studies at a structural level of proteins through various methodologies [36] [37] [38] [39] . We investigated the properties characterizing different states such as rigidity and flexibility of a complex system upon perturbation. Rigidity and flexibilty for subnetworks showing maximum interference values and first order network are analyzed using pebble game algorithm in KINARI-lib [17, 40] . The pebble game algorithm computes total number of degrees of freedom and overconstrained regions in a graph.
This algorithm requires sparsity parameters (k, l) on protein-protein interaction networks to be analyzed.
Pebble game algorithm on 2D bar joint framework is guaranteed for rigidity to all (k, l)-sparse graphs for k and l such that l ∈ (0, 2k). Initially, k pebbles are posed on each vertex with no edges and then one of pebbles is displaced from i after adding an edge ij towards j, if at least l + 1 pebbles are between vertices l and j. In continuation to this, ij is reversed and pebble is moved from j to l, if pebble is on j and ij edge exists in pebble game's graph. Any subset of n vertices spans at most kn − l vertices in (k, l) graph is called sparse whereas it is called as tight or rigid if it has n vertices and kn − l edges [41] [42] [43] . We compute the index (overconstraints -degree of freedom) divided by average degree of subnetwork to avoid size bias of the network in calculation of DOF's and over-constrained regions. High positive values obtained for the subnetwork are associated to high rigidity, and negative values with flexibility. This is based on the fact that higher degrees of freedom represent higher flexibility while higher over-constrained regions or nodes indicate rigidity of the network.
Results

Network Topology
There Table S1 ) Table 1 : Key and Hub nodes computed based on centrality statistics: Degree, Betweenness Centrality, Bottleneck and Maximal Clique Centrality. The key nodes in bold are considered on consensus basis if occurred at least twice in detection.
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Functional characterization
The interconnected seed network is modularly organized around five overlapping modules. Hub node TTN formed core module of the seed network with molecular function related to structural molecule activity (p = 3.9E − 7, GO-id 5198), along with calmodulin binding (p = 2.8E − 5, GO-id 5516). Module SGCA and
Module SGCG are involved in calcium ion binding (p = 5.9E −4 and p = 4.3E −4, GO-id 5509), respectively, which is known to be involved in diseased state of Sarcoglycanopathies [44] . Module GYG1 is involved in catalytic activity such as transferase activity (p = 2.2E − 4, GO-id 16740). Module GARS comprises of only 3 proteins with functionality related to ligase activity (p = 6.9E − 3, GO-id 16874). All those modules are depicted in (Figure 1(A) ). Nineteen overlapping modules characterize the first order network on consensus basis with function related to protein, DNA binding, transferase activity and structural molecule activity ( Table 2 ). The top ten core nodes governing the modular function is listed in (Supplementary Table S2 fact that cardiac disease is a clinical manifestation related to muscular dystrophies. [45] .
Network propagation from key pair of causative proteins in muscular dystrophies
Modules exhibit fuzzy boundaries as discussed earlier and it is therefore hard to understand the rigidity and flexibility associated with them. In order to understand the rigidity and flexibility associated with the modules, we compute the interference (flow overlap) on first order network from pair of key proteins of seed network listed in (Table 1 ). The network propagation initiating from these nodes is obtained with the using emitting model of qmbpmn-tools, which calculates interference in the first order network (Supplementary Table S3 ). From the top forty proteins showing maximum interference from each pair of mutated proteins.
We then ranked them on quartiles of the computed mean interference. In (Table 3) , proteins with high bridgeness in the network (>1) are shown as receiving interference.
Maximum number of visits producing highest mean interference value is observed in the core node YWHAZ, present in 3 different modules and responsible for molecular function related to protein domain specific binding (p = 4.0E − 06, GO-id 19904). The other proteins with mean interference greater than quartile percentage of 90 [see Supplementary Table S4 ] and large number of visits show diverse functionality ranging from localization (p = 4.6E − 2, GO-id 51179) to cellular component organization (p = 2.3E − 2, GO-id 16043) and intracellular transport (p = 4.6E − 2, GO-id 46907). CACNA1S receives largest mean interference value from the single duplet of DES/TPM1, which shows involvement in voltage gated calcium channel activity and skeletal muscle adaptation (p = 3.8E − 2, GO-id 43501). DES/TPM1 proteins are functional in structural constituent of cytoskeleton (p = 1.8E − 3, GO-id 5200).
Rigidity and flexibility in protein protein interaction networks
We focus on assessing network rigidity and flexibility issues and determine the tolerance level of the sub- 
Discussion
The rigidity and flexibility issues in networks are much less studied in context of biological networks. Biological networks have modular organization [46] without proper boundaries therefore, it is hard to understand the tolerance level of different overlapping modules and their molecular function of the protein-protein interaction networks. In this article, our focus on rigidity and flexibility analysis on protein-protein interaction subnetworks after detection of interference values from pair of key causative agents.
Seed protein-protein interaction map and first order neighbors
The seed network and first order network shows robustness and small world behavior. Lower clustering coefficient shows sparsity in interaction map as compared with cancer, aging subnetwork in human proteome [47] . Essential and hub proteins in seed network computed using various centrality measures such as linkedness of nodes, shortest path traversing through nodes, key connector proteins and maximally connected subgraphs demonstrates high number of genetic variants corresponding to the proteins (see Supplementary   Table S1 ). LMNA protein,a hub protein linked with 4 different neuro-muscular diseases. In our work, we found that LMNA protein receives interference from different pairs and also emits maximum interference to hub nodes at first order network when paired with other mutated proteins (see additional material 1).
LMNA is suggested to play a role in nuclear stability, chromatin structure and gene expression [48] . This Network propagation from essential and hub proteins from seed network demonstrates highly central proteins receiving mean interference and visits from different pair of complexes.
Structural integrity in protein-protein interaction networks
Rigidity index in twelve subnetworks of the proteins that received large mean interference value (q> 90)shows variability. The subnetworks constituting core module and core skeleton of first order networks shows highest rigidity. In details,our studies demonstrate the subnetwork of interconnected neighbors of EEF1A1 having hub property and core proteins of core module in first order network demonstrates the maximum rigidity. EEF1A1 Subnetwork demonstrated rigidity more than the parent network. Perturbing this subnetwork will largely affect the module EEF1A1 and other closely interconnected modules. This is because of the fact that we found most of the proteins showing high bridgeness value, which gives account of inter-modular links constitutes this module. It is highly evident that this module is providing rigidity to the subnetwork of Human proteome related to muscular disorders.
In functional aspect, it is known that quality of muscles are affected by age and gender [50] and the core node of this module is evidenced as core node of the core module of the Sirt family protein-protein interaction network, which is widely known to be implicated in aging related processes. However, Sirt7, a member of Sirt protein family, also showed mean interference and visits from the mutated complexes (Supplementary   Table S3 ). Sirt family of proteins also provides functionality related to muscle development [47] . Hormone replacement therapy is used for preserving muscle strength [51] and EEF1A1 module is associated with muscle degeneration with progression of age. Core node ESR1 (estrogen receptor alpha) of EEF1A1 module is involved in menopausal processes and therefore the muscle weakening in the women also emphasizes on this fact. 
Functional integrity
Modular function related to core module of protein binding and protein domain specific binding is indispensable in MDs. Muscular dystrophies are largely known to be associated with inability in specific domain interactions in proteins [55] . Network modular organization resulted in functionality related to protein binding and structure molecule activity, which emphasizes on the fact that network is functionally inclined towards the specific binding of cytoskeletal protein complexes to enhance structural integrity of the assembly of interacting partners. Essential protein for protein synthesis EEF1A1 showed decline in protein abundance in wasted mutant mice leading to muscle wasting, motor neuron loss and immune system abnormalities [56].
The mutations in proteins can be considered as non functional entity in the network and thus considered as deleted which in a way can drive network towards homogeneity. Targeted or random deletion of nodes enhances homogeneity in network [57] . This homogeneity in network can proliferate the processes in unidirectional way. In other aspects of protein-protein interaction networks, modules become dysfunctional due to failure of key protein or simultaneously many proteins fail to perform function as in the case of mutations.
Other modules or proteins have to share the burden of these modules or proteins or lack thereof. Hence it will be of interest to understand co-operativity issues related to driver mutations in network to which extent modules misses to perform functionality and which modules become performs functions to which extent.
Conclusions
In conclusion, PPI's analysis not only reveals important characteristics and underlying behaviors, such as key interfered candidates but also tolerance level of networks and molecular mechanisms in muscular dystrophy. Hub nodes with large genetic variants involves in different neuro-muscular diseases suggesting comorbidity. Rigidity in networks is associated with the interconnected hubs in first order network. The core of the network faster informational flow with high betweenness value in interconnected hubs. Functional rigidity in neuromuscular diseases is associated with protein binding and domain specific binding. This suggests muscular dystrophies may initiate due to failure of specific binding of the proteins which ultimately can affect interacting proteins responsible for different molecular function such as cytoskeletal remodelling, protein folding and degradation, cell signalling modulation. No Annotation Table 3 : The mean interference on the nodes originated from the duplets identified on the consensus basis on topological characteristics. The proteins in bold font show higher bridgeness value (greater than 1). q1 is the first quartile, q2 is the median and q3 is the third quartile.
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